Considerable research interest has recently been focused on the role of glutamate and related neural circuitry in the neurobiology of schizophrenia. The results of these investigations have emphasized hypofunction of glutamatergic neurons and/or the N-methyl-D-aspartate (NMDA) glutamate receptor (Tsai et al. 1995; Kim et al. 1980a Kim et al. , 1980b Sherman et al. 1991; Deutsch et al. 1989; Javitt and Zukin 1991; Olney 1988a; Olney 1988b; Olney and Farber 1995) . An important element of several of these theoretical positions is that NMDA receptor hypofunction (NRH) produced by any mechanism can be psychotogenic. This has renewed interest in the clinical effects of NMDA glutamate receptor antagonists.
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Ketamine and phencyclidine (PCP) are non-competitive NMDA glutamate receptor antagonists (Zukin and Zukin 1979; Vincent et al. 1979; Lodge and Anis 1982; Lodge et al. 1987 ) which can produce a transient state of NRH in the brain. Early investigators characterized a PCP-induced clinical syndrome of schizophrenia-like symptoms, including hallucinations, delusions, idiosyncratic and illogical thinking, poverty of speech and thought, agitation, disturbances of emotion, affect, withdrawal, decreased motivation, and dissociation (Johnstone et al. 1959; Luby et al. 1959; Rosenbaum et al. 1959; Luby et al. 1962; Corssen and Domino 1966; Bakker and Amini 1961; Davies and Beech 1960; Domino and Luby 1981) . This PCP-induced syndrome can be indistinguishable from acute presentations of schizophrenia (Yesavage and Freeman 1978; Erard et al. 1980) . Ketamine, a PCP analog still used in human anesthesia, has been reported to cause reactions similar to but not as severe as those caused by PCP, including brief, reversible "positive" and "negative" schizophrenia-like symptoms (Krystal et al. 1994; Malhotra et al. 1996) . Both PCP and ketamine can exacerbate psychosis in schizophrenia Luby et al. 1962; Lahti et al. 1995a; Lahti et al. 1995b; Malhotra et al. 1997 ).
Declarative, explicit or secondary memory and learning deficits in patients with schizophrenia occur early in the course of the illness and are quantitatively large compared with deficits in other differentiated elements of cognitive performance, showing stability "on" versus "off" antipsychotic medication and over repeated testing (Gruzelier et al. 1988; Saykin et al. 1991 Saykin et al. , 1994 Cannon et al. 1994) . Clinical and preclinical investigations suggest the hypothesis that changes in NMDA glutamate receptor activity in patients with schizophrenia may be causally related to memory impairments found in this disorder. Relevant to this hypothesis, the activation of post-synaptic NMDA receptors is important for the induction of the activity-dependent synaptic modification called long-term potentiation (LTP) (Bliss and Collingridge 1993; Collingridge and Bliss 1995) , and hippocampal LTP has been postulated to underlie certain memory functions (Doyere and Laroche 1992; Sakimura et al. 1995; Davis et al. 1992) . In animals, both competitive and non-competitive NMDA antagonists can impair performance on spatial (Handelman et al. 1987; Balster and Chait 1976; McLamb et al. 1990; Mondadori et al. 1989; Morris et al. 1986; Morris 1989; Morris et al. 1990; Danysz et al. 1988; Ward et al. 1990; Butelman 1989; Spangler et al. 1991) and nonspatial (Tonkiss et al. 1988; Crooks et al. 1989; Jones et al. 1990; Parada-Turska and Turski 1990; Pontecorvo et al. 1991) memory tasks which are also affected by hippocampal lesions. Similar impairments in learning and memory (e.g., delayed matching-to-sample) have been reported in nonhuman primates (Thompson et al. 1987; Thompson and Moerschbaecher 1984; Buffalo et al. 1994; Frederick et al. 1995) . In rodents and nonhuman primates, the induced memory defect appears to involve acquisition or encoding of information (Walker and Gold 1991; Spangler et al. 1991; McNamara and Skelton 1993; Buffalo et al. 1994) . Acute PCP effects in humans include reductions in memory performance, psychomotor processing speed, selective attention, and reaction time Davies and Beech 1960; Bakker and Amini 1961; Cohen et al. 1962) . Ketamine anesthesia is associated with transient anterograde amnesia (Pandit et al. 1971) , and subanesthetic doses of ketamine in healthy humans have been reported to produce acute decreases in memory performance, not accounted for by attentional deficits, as well as decreases in sustained attentional performance, verbal fluency, and Wisconsin Card Sort performance (Harris et al. 1975; Ghoneim et al. 1985; Krystal et al. 1994; Malhotra et al. 1996) .
Unfortunately, most previous investigations of ketamine effects on mental symptoms and cognitive function in humans have been limited by a lack of a steadystate infusion conditions, limited numbers of dose levels, and/or failure to measure plasma ketamine and metabolite levels. Some intravenous (IV) ketamine infusion studies, for example, allowed plasma ketamine levels to rise over the experimental assessment conditions, prohibiting conclusions about the relationship between specific plasma levels and various features of the behavioral response. This experiment aimed to identify a subanesthetic dose of the NMDA glutamate receptor antagonist, ketamine, that acutely produces symptoms and cognitive performance changes in normal healthy adults that are milder versions of those seen in patients with schizophrenia. The experiment also aimed to increase the interpretability of the ketamine paradigm through the use of steady-state ketamine plasma levels, as well as comprehensive clinical and cognitive assessments. The study was a double-blind, placebo-controlled, randomized, within-subjects comparison of 3 fixed doses of intravenous ketamine in healthy young adult men, hypothesizing dose-dependent ketamine-induced increases in both "positive" and "negative" schizophrenia-like symptoms, and dose-dependent decreases in hippocampally-associated memory performance.
METHODS

Subjects
The research protocol was approved by the Human Studies Committee at Washington University School of Medicine. All subjects gave written informed consent prior to participation, were recruited using local advertisement, and were screened for psychiatric disorders and for general medical health. Only males were studied because available pharmacokinetic data on ketamine is almost exclusively from males and this study required calculation of predicted plasma concentrations in relation to a ketamine dose. In addition, there is a lower threshold for NMDA receptor antagonist mediated neurotoxicity in female rats (Olney et al. 1989 ) and this study sought a maximum safety margin (see Ketamine Dosing and Safety Considerations below). Sub-jects were interviewed using the Diagnostic Instrument for Genetic Studies (Nurnberger et al. 1994) . A senior clinician reviewed all data to determine whether subjects met criteria for any DSM-IV diagnoses. Subjects were also interviewed with the Family Instrument for Genetic Studies (Nurnberger et al. 1994 ) in order to identify relevant psychopathology within first degree relatives; none was detected in this sample.
The inclusion criteria were: i) male adults; ii) aged 18 to 40 years; and iii) able to give informed consent. The exclusion criteria were: i) any Axis I or Cluster A Axis II psychiatric disorders, including any substance use disorders within the past 12 months; and ii) the presence of any medical disorder that can confound the assessment of symptoms, relevant biologic treatments or measures, or diagnosis; the following conditions are currently identified: insulin-or non-insulin-dependent diabetes mellitus; hypertension (treated or untreated); glaucoma, dehydration, epilepsy, endocrine disorders, any intra-abdominal, limb or intrathoracic surgery within the prior 6 months; any diagnosed cardiac condition causing documented hemodynamic compromise or dysfunction of the SA or AV node, any diagnosed respiratory condition causing documented or clinically recognized hypoxia (e.g., chronic obstructive or restrictive pulmonary disease), fever, body weight Ͻ 80% or Ͼ 120% of ideal body weight, or any medical condition known to interfere with cognitive performance; medication-related exclusions included narcotics, corticosteroids or spironolactone, benzodiazepines or any other sedative-hypnotics, or any medication that interferes with SA or AV node function; iii) any past use of PCP or ketamine; and iv) Mental Retardation as determined by DSM-IV criteria. Fifteen healthy subjects (n ϭ 15) met all criteria and participated in the study. Clinical characteristics of the sample were as follows (mean Ϯ S.D.): age ϭ 21.7 Ϯ 3.2; years of education ϭ 14.7 Ϯ 2.2; handedness (decile score; Oldfield 1971) ϭ 6.3 Ϯ 2.7; and body mass index (kg/m 2 ) ϭ 22.4 Ϯ 3.4. Subjects all used English as a primary language and included 10 white Americans, 3 black Americans, 1 Hispanic American, and 1 Asian American.
Procedure
The study was a double-blind, placebo-controlled, randomized, within-subjects comparison of 3 fixed subanesthetic, steady-state doses of intravenous (IV) ketamine in healthy young adult men. Blinded clinical assessments and a comprehensive cognitive battery were administered during each of the 4 infusion conditions conducted across 4 different mornings. In addition, subjects received abbreviated clinical assessments prior to each infusion, at the completion of each study day (60 minutes post-infusion), and approximately 48 hours post-infusion. Each condition was administered on non-consecutive days to maximize safety (mean days between sessions 2.6 Ϯ 1.1).
At 8:00 AM on each study day, subjects came to the General Clinical Research Center (GCRC) at Washington University School of Medicine after an at least 8-hour overnight fast. Subjects were fasted in order to minimize the potential confound of varying glucose levels on NMDA receptor-related function and on direct measures of cognitive function (Izumi et al. 1993; Craft et al. 1993; Newcomer et al. 1994a; Newcomer et al. in press; Craft et al. 1996) . Ketamine (or 0.9% normal saline "placebo" solution) was infused intravenously at specified loading dose and maintenance infusion rates (see below) using a Harvard pump apparatus, while 0.9% normal saline was used to maintain a separate patent draw line. Following administration of the loading dose over 10 minutes, maintenance infusions were begun. Clinical assessments were anchored at 30 minutes after infusions started, allowing an additional 20 minutes after completion of loading prior to the blinded behavioral and cognitive evaluation (safety and adjunctive clinical assessments were performed during this initial period); cognitive testing began after completion of this clinical battery. The rationale for this additional stabilization period included the need to allow for ketamine distribution to occur (distribution half-life is approximately 7 minutes; Zsigmond and Domino 1990) , and the need to allow changes in vascular and extravascular compartments to affect brain function. In all conditions, pulse, blood pressure, pulse-oximetry, and an electrocardiogram strip were continuously monitored for safety, with values recorded at 0, 20, 60, and 120 minutes after starting the infusion. Blood samples were obtained at the same time points in order to provide plasma measurements to assist in interpreting the cognitive/behavioral data.
Clinical Assessments
Full clinical assessments using the following battery were performed blind to treatment assignments during the infusion: a) the Brief Psychiatric Rating Scale (BPRS; Overall 1974), an 18-item scale of psychiatric symptoms that is sensitive to symptom change, with classic subfactor scores used for the analysis (Hedlund and Vieweg 1980) ; b) the Scale for the Assessment of Negative Symptoms (SANS), a 25-item scale that assesses different aspects of the negative symptom construct (Andreasen 1982) ; and c) a clinician administered Clinical & Adverse Events Checklist, a five-point Likert scale composed of items identified in published anesthesiology and other clinical literature concerning the effects of ketamine. An abbreviated unblinded assessment was performed at the pre-and post-infusion ratings using the BPRS and Clinical & Adverse Events Checklist. Of note, for the "hallucinatory behavior" item on the BPRS we used the original item description to rate "perceptions without normal external stimulus correspondence . . . distinctly different from the thought and imagery processes of normal people", so that both perceptual distortions and hallucinations could be scored for this item.
Cognitive Measures
Different versions of each of the cognitive tasks, matched for difficulty, were administered on each study day. An exception to this was the sustained attention task which involved randomized stimulus presentation. Two different sets of the task battery, offering the different task versions in two different orders across study days, were counterbalanced across subjects. The tasks were presented in a fixed order in both sets: paragraph recall (immediate); delayed match to sample (task-a); stroop; continuous performance task; paragraph recall (delayed); verbal fluency; spatial delayed response, and delayed match to sample (task-b).
Declarative Memory Measures
Immediate and Delayed Paragraph Recall. This was measured using the paragraph recall test (Wechsler 1945; Wechsler 1987 ), a validated (Squire 1987 ) and sensitive measure (Butters et al. 1978; Storandt et al. 1984) of verbal declarative memory performance. Subjects hear two recorded narratives, each with 44 pieces of information, followed by immediate and delayed (30 min) verbatim recall. Eight paragraphs were used which have been shown to be comparable in recall and sensitivity (unpublished data). Scores for both correct and inaccurate recall were tabulated based on a modification of established scoring methods (Russell 1975; Gangarosa et al. 1988 ). Immediate and delayed total correct scores for verbatim recall and commission errors were analyzed.
Delayed Match to Sample (DMS).
A computerized delayed pattern match to sample task was used to measure non-verbal declarative memory performance, based on previous work with hippocampally lesioned animals (Winocur 1978; Aggleton et al. 1988 ) and humans (Sidman et al. 1968 ). There are two subtasks, "a" and "b". In the first ("a") there are 10 consecutive presentations of two geometric line drawings for a total of 20 drawings, followed by a 3.5 minute delay filled with a digit span task. Following the delay, subjects are presented with 10 recognition trials with one target and two distractor drawings per trial. The second ("b") subtask involves the presentation of 20 consecutive stimuli of 2 drawings each. Subjects are then presented with 10 recognition trials with one target and two distractors per trial. The targets are the first 10 presented stimuli only. Number of correct responses/total possible responses (10 per task), as well as reaction time, were calculated for the analysis.
Selective Attention
A multiple version modification of the Stroop color-word interference task (Golden 1978 ) was used as a measure of selective attention that detects impairments in schizophrenia (Cannon et al. 1994 ). The total time to complete each condition and the number of incorrect responses per condition were analyzed.
Sustained Attention
Sustained attention was measured using a computer generated continuous performance task (CPT) that presents a rapid, continual sequence of letters. Subjects must press a key whenever a specific letter appears on the screen. Accuracy and reaction time were measured.
Working Memory/Frontal Function
Word List Generation (Verbal Fluency) Task. This task was used as a measure of prefrontal cortical function (Milner 1964) . The total number of correct responses were analyzed.
Spatial Delayed Response (SDR).
This task was used to measure subjects' spatial working memory at short delays and spatial working/spatial declarative memory at long delays. Animals and humans with medial temporal lobe damage are able to perform accurately on trials with short delays, yet are impaired on trials with longer delays (Backer-Cave and Squire 1992; Kowalska 1995; Rains and Milner 1994; Zola-Morgan and Squire 1985) . In general, delays greater than 15-30 seconds on similar tasks are sensitive to medial temporal dysfunction (Alvarez et al. 1994; Rains and Milner 1994; Squire et al. 1988) . Working memory for spatial location has been well-researched in primates (e.g., Funahashi et al. 1989 ). This methodology was modified for use with humans (Luciana et al. 1992; Hershey et al. 1998) . Mean error (distance from a target on a computer screen) was calculated for each subject at each type of trial (5 second delay, 120 second delay, and cue-present [no recall] trials).
Ketamine Dosing and Safety Considerations
Loading doses and maintenance infusion rates were calculated using published pharmacokinetic parameters for ketamine (Goodman Gillman et al. 1990 ) in order to produce three different targeted steady-state plasma ketamine levels (150 ng/ml; 45 ng/ml; 13.5 ng/ ml). The high dose condition aimed to replicate plasma levels at time points associated with measured symptom production during Krystal et al.'s "high" dose infu-sion (Krystal et al. 1994) . We administered loading doses over 10 minutes in order to maximize safety. Loading doses were 0.27 mg/kg, 0.081 mg/kg, and 0.0243 mg/kg, respectively. Maintenance infusions were begun immediately after the loading dose was administered. Maintenance infusion rates were 0.00225 mg/kg/min, 0.000675 mg/kg/min, and 0.0002025 mg/ kg/min, respectively.
Ketamine is an FDA-approved anesthetic agent that has been in clinical and/or investigational use for approximately 25 years, frequently in pediatric or poor risk populations. The safety of a ketamine infusion is predicated on careful dose selection to avoid undesirable effects. Because available pharmacokinetic data is almost exclusively from males and this study required pharmacokinetic calculations, only males were studied. The safety of the procedure is underscored by the use of a high dose that is well below the typically used anesthetic dose in clinical practice. Olney et al. (1989) have reported that treatment of adult rats with ketamine can produce a reversible toxic reaction in certain cerebrocortical neurons. The threshold intraperitoneal dose for producing a minimal reaction in the rat is 40 mg/kg. Since this dose is 74 times higher than the highest total dose (0.27 mg/kg ϩ [0.00225 mg/kg/min ϫ 120 min] ϭ 0.54 mg/kg) used in this experiment, the safety margin is substantial, even after allowing for possible interspecies differences. The highest loading dose used in this experiment (0.27 mg/kg) is approximately 1/5 the loading dose (1-2 mg/kg) used in human anesthesia, and is a dose which has been used in healthy subjects without residual cognitive, physical or behavioral effects following the day of administration, even when given on consecutive experimental days (Krystal et al. 1994) .
Plasma Assays
Blood samples were placed on ice, plasma was rapidly obtained from blood by centrifugation, and samples were stored at Ϫ 80 Њ C. The principal active fraction for ketamine includes ketamine and norketamine (Reich and Silvay 1989) , which were both measured using gas chromatography (National Medical Services, Philadelphia, PA). In addition, ketamine is known to produce increases in plasma cortisol (Krystal et al. 1994; Fahringer et al. 1974; Clarke et al. 1974; Oyama et al. 1970) and glucose (Kaniaris et al. 1975; Clarke et al. 1974) , and this group has reported cognitive effects of glucose and insulin (Newcomer et al. 1994a; Newcomer et al. in press; Craft et al. 1993; Craft et al. 1996) and glucocorticoids (Newcomer et al. 1994b) in humans, motivating the measurement of these variables to rule out confounds to the interpretation of cognitive effects. For similar reasons, plasma epinephrine and norepinephrine were measured with a single isotope derivative (radioenzymatic) method (Shah et al. 1985) . Plasma glucose was measured with a glucose oxidase method using a glucose analyzer (Beckman Instruments, Fullerton, CA). Plasma insulin (Kuzuya et al. 1977 ) and cortisol (Farmer and Pierce 1974) concentrations were measured by radio-immunoassay.
Analysis
The primary hypotheses concerning ketamine effects on positive and negative symptoms were first tested using ANOVAs evaluating relevant symptom change within ("time", i.e., baseline, infusion, post-infusion) and across treatment conditions ("treatment condition", i.e., placebo, low dose, moderate dose, high dose), seeking a significant interaction between treatment condition and time. The primary hypotheses concerning ketamine induction of positive and negative symptoms as well as ketamine-induced decreases in hippocampally-associated memory performance were then tested using ANOVAs evaluating blinded symptom and cognitive change across the steady-state treatment conditions, seeking a significant effect of treatment condition. An additional factor of task condition (e.g., immediate versus delayed recall) was added to the ANOVAs evaluating paragraph recall and delayed match to sample tasks. The a priori hypotheses concerning positive and negative symptoms and memory performance were evaluated using a limited number of planned ANOVA tests for the effect of treatment condition, with each test addressing a distinct measure of the positive, negative or memory constructs (e.g., verbal versus non-verbal memory). Accordingly, adjustments of the critical significance level for these tests are not essential. However, this is not the case for multiple tests conducted in more exploratory analyses concerning other BPRS subscales (e.g., anxiety-depression subscale), SANS subscales, plasma variables and the assessment of ketamine effects on additional cognitive tasks. For these tests, adjusted (Bonferroni) P-values are offered throughout the Results section, along with unadjusted values, for the reader's consideration. Univariate ANOVAs were used to supplement the multivariate ANOVAs when missing data points were encountered; the results of the multivariate and univariate ANOVAs were consistent except as noted and univariate analyses are reported. All but one subject on one treatment day completed almost all of the cognitive battery, however, several subjects had missing or invalid data points for some of the computer tasks due to technical problems (e.g., CPT reaction time data was filtered for outliers). Significant effects of treatment condition were further evaluated using paired t-tests to assess change across individual dose levels. Potential confounds were evaluated using MANOVAs to test the effect of individual covariates (e.g., plasma cortisol during each treatment condition at the time point closest to the behavioral/cognitive variable) on the primary results.
RESULTS
Behavioral Results
Ketamine, under these dosing conditions, produced mild dose-dependent positive and negative schizophrenia-like symptoms. Testing the effect of treatment condition on total BPRS scores across baseline, maintenance infusion, and post-washout time points, indicated a significant treatment condition ϫ time interaction (Figure 1 ). Evaluating individual BPRS subscale scores across baseline, maintenance infusion, and postwashout time points, "positive" symptom subscale scores (hallucinatory behavior, conceptual disorganization, and unusual thought content) accounted for the largest effect (treatment condition ϫ time interaction (F[6,83] ϭ 22.54; p ϭ 0.0001), with similar ketamine-induced increases in "negative" symptom subscale scores (blunted affect, emotional withdrawal, and motor retardation; treatment condition ϫ time interaction: F[6,83] ϭ 2.73; p ϭ 0.02).
In the analysis of blinded clinical ratings for each study day during the steady-state conditions, BPRS total score demonstrated a significant effect of treatment condition (F[3,42] ϭ 21.60; p ϭ 0.0001) which was further explained by increases in positive and negative symptoms, and some additional symptomatology.
Positive Symptoms. An effect of treatment condition was demonstrated for BPRS positive symptom subscale scores (Figure 2 ). Illustrating experiences during "high" dose ketamine infusions, subjects commented: "It's as though green emerald is like in and around me . . ."; "My hand looks like a midget hand . . . like a funhouse mirror effect." Another subject reported seeing the "shadow" of a person falling past the fourth floor window of our study room.
Negative Symptoms. An effect of treatment condition was detected for BPRS negative symptom subscale scores (F[3,42] ϭ 2.89; p ϭ 0.047), as well as for Scale for the Assessment of Negative Symptoms (SANS) total scores (Figure 3) . BPRS negative symptoms increased between placebo and "high" dose (t[14] ϭ Ϫ 1.95; p ϭ 0.04), "low" and "moderate" doses (t[14] ϭ Ϫ 2.26; p ϭ 0.02) and "low" and "high" doses (t[14] ϭ Ϫ 2.32; p ϭ 0.02). In an exploratory analysis, several SANS subscales were found to contribute to the effect on the total SANS score (Table 1 ; Bonferroni critical p ϭ 0.01). Other Symptoms. Ketamine also produced mild increases in symptoms of language and speech disturbance and disorganization. SANS alogia subscale (poverty of speech, content of speech, blocking, increased latency of response) scores were increased between placebo and both "moderate" (t[14] ϭ Ϫ 1.74; p ϭ 0.05) and "high" doses (t[14] ϭ Ϫ2.07 ;p ϭ 0.03) and between "low" and "high" doses (t[14] ϭ Ϫ1.74; p ϭ 0.05), with a trend (F[3,42] ϭ 2.51; p ϭ 0.07; Bonferroni critical p ϭ 0.01) towards an overall effect of treatment on alogia subscale scores. The thought and language disturbance was retrospectively described by one subject as, "I couldn't think of the words that I wanted to say . . . words had no meaning", while another subject reported " . . . it was as though you were speaking gibberish." An effect of treatment was also detected for the BPRS anxiety-depression subscale (F[3,42] ϭ 5.73; p ϭ 0.002; Bonferroni critical p ϭ 0.0125), accounted for by increases in "somatic concern". Overall, the clinical syndrome produced was mild in intensity and subjects remained comfortable, alert and oriented. No evidence of any persistent abnormal symptoms was detected at the 48-hour post-infusion assessment.
Cognitive Results
Ketamine treatment produced a dose-dependent decrease in learning and memory performance on both a verbal and non-verbal declarative memory task. Paragraph Recall. Analysis indicated an effect of treatment condition on overall paragraph recall performance (Figure 4) , with an expected main effect of recall condition (immediate vs. delay; F[1,14] ϭ 46.14; p ϭ 0.0001), but no significant interaction of treatment condition with recall condition. Consistent with the lack of a treatment interaction with recall condition, similar treatment effects were noted for both immediate (F[3,41] ϭ 3.92; p ϭ 0.02) and delayed (F[3,41] ϭ 5.03; p ϭ 0.005) paragraph recall performance. The mean decrease in performance on total correct recall (immediate ϩ delayed) from placebo to "high" dose (21.2) amounted to a 18.6% decrease in recall performance.
DMS.
A significant effect of treatment condition was also apparent for performance on the DMS task (Figure 5) , again with no significant interaction with recall condition. This effect was detected in the univariate ANOVA but was not significant in the multivariate analysis (requiring complete data for each subject for that subject's data to be included) where the number of subjects with complete data across all conditions was reduced.
Other Cognitive Tasks. No significant effects of treatment condition, using adjusted or unadjusted p-values, were detected on any other measures of cognitive performance, including performance on the modified Stroop task, the CPT, the verbal fluency task, or the SDR task.
Additional Clinical and Adverse Events, and Safety Measures
Consistent with previous reports (White et al. 1982; Reich and Silvay 1989) , ketamine transiently increased diastolic and systolic blood pressure, and produced very short-lived increases in pulse rate that were not evidenced by the 20 minute time point; no decrease in blood oxygen saturation was seen. Six subjects experienced nausea during the high dose condition, and one at the moderate dose, with 2 subjects vomiting. One subject with nausea at the higher dose could not perform all of the cognitive assessments and missed a final blood sample. During the loading dose, ketamine dosedependently increased feelings of drowsiness, difficulty concentrating, dizziness, confusion, lightheadedness, "high", exhilaration, floating sensations, parasthesias, "dream-like state", and change in sense of time, with all symptoms remaining at moderate levels or below. During the steady-state conditions, ketamine produced dose dependent feelings of drowsiness, difficulty concentrating, dizziness, lightheadedness, "high", "dreamlike state", and change in sense of time, with all symptoms at mild levels or below. Notably, cognitive effects could not be explained by sedation. Covarying "drowsiness" in the ANOVA models testing the effect of ketamine on verbal and non-verbal memory performance indicated no main effect of drowsiness level or interactions between drowsiness and treatment condition for either the paragraph recall or DMS tasks.
Plasma Results
Stable, steady-state plasma ketamine conditions were produced in both the moderate and high dose treatment conditions, with low dose plasma levels below detectable limits for the assay (Figure 6 ). Ketamine plasma concentrations peaked at the 20-min plasma sample and then decreased to a stable steady-state plasma level across the 60 and 120-min samples. Conservative calculations using the measured ketamine levels at 20 and 60 minutes and ketamine's well-known distribution and elimination half lives established that steady-state levels were obtained by 30 minutes (Figure 6 ), indicating that the complete battery of assessments occurred during steady-state conditions. In contrast, plasma norketamine levels rose steadily over the period of the infusion (Table 2) . However, determination of NMDA receptor antagonist activity for norketamine indicated that this compound is 7-10 times less potent than ketamine (Farber and Olney, unpublished data) , so that even terminal norketamine levels were unlikely to contribute significantly to any NRH-induced clinical effects. Significant treatment condition ϫ plasma sample time interactions were detected for epinephrine, norepinephrine, glucose, and cortisol concentrations (Table 2 ; Bonferroni critical p ϭ 0.01). Covarying plasma concentrations of these potentially cognitively active variables from relevant time points in models testing the effect of ketamine on verbal and non-verbal memory performance indicated no main effect or interaction with treatment condition for any variable with either paragraph recall or DMS performance.
DISCUSSION
Ketamine infusions in healthy adult men produced mild dose-dependent increases in schizophrenia-like psychiatric symptoms, consistent with previous reports (Krystal et al. 1994; Malhotra et al. 1996) . Measuring cognitive performance with a comprehensive battery, ketamine infusions additionally produced robust, dose- dependent impairment in verbal, and preliminary evidence for impairment in non-verbal, declarative memory performance. Notably, the effect of ketamine on memory performance occurred at and below plasma concentrations producing other schizophrenia-like symptoms. These results complement previous reports of ketamine-induced memory impairment in humans (Harris et al. 1975; Ghoneim et al. 1985; Krystal et al. 1994; Malhotra et al. 1996) , and extend those reports by defining the dose-dependence of this effect on a well-validated measure and by suggesting a preferential effect on declarative memory, versus other differentiated elements of cognitive performance, at these steady-state plasma conditions. The results are relevant to an NMDA receptor hypofunction (NRH) model of schizophrenia (Olney and Farber 1995) and suggest that progressively increasing levels of NRH are associated with an early occurring and prominent impairment of memory performance, consistent with evidence for an early and prominent memory impairment in schizophrenia. This experiment defined steady-state ketamine conditions associated with multiple schizophrenia-like symptoms, with dose-dependent increases in positive and negative symptoms as well as memory impairment, and with the higher dose condition producing the most complete syndrome. Notably, dose-dependent ketamine effects on BPRS positive symptoms, SANS negative symptoms, and verbal declarative memory performance were all robustly significant, even applying conservative Bonferroni adjustments to correct for additional tests on related measures (critical Bonferroni p ϭ 0.025, 0.025, and 0.017, respectively). Consistent with previous reports, the effects of ketamine across this dose range were mild, well-tolerated and without detectable residual effects, providing further evidence that such doses can be used safely in healthy young males within the confines of similar closely monitored experimental paradigms. The dose-dependency of these effects suggests that higher doses of ketamine than those used in this study may be associated with larger and clinically significant effects within these domains, or effects on additional cognitive or behavioral variables. This study did not detect formal thought disorder or language disorganization during the conditions tested, with the exception of modest effects on the alogia subscale of the SANS. While the assessments may not have included the most sensitive measures of such symptoms, blocking, loosening of associations, and lan- guage disorganization were all noted during the loading doses, indicating that these symptoms could be more obvious at higher plasma concentrations. This observation suggests that formal thought and language disturbances may be associated with more extensive NRH than that required for the production of the positive and negative symptoms or memory impairment.
Subanesthetic doses of ketamine produced dosedependent impairments in learning and memory performance on a verbal and a non-verbal declarative memory task. The similar effect of ketamine on both immediate and delayed paragraph recall, and on both versions of the DMS task, is consistent with animal studies and suggests that NMDA receptor antagonism or hypofunction can affect neural mechanisms regulating encoding. No similar effect was detected on the 120-second delay condition of the SDR task, underscoring differences in the sensitivity or difficulty of different tasks as well as differences in the type of memory performance being measured. Measuring other major differentiated elements of cognitive function under the same steady-state ketamine conditions, the measured impairments in memory performance could not be accounted for by nonspecific effects on attention, general processing, arousal or sedation. While the tasks used to assess declarative memory also demand the use of some additional elements of performance (e.g., sustained attention, working memory), ketamine did not decrease performance on other measures of sustained attention and spatial working memory that were included in the battery. However, psychometric differences in the sensitivity of different tasks could certainly contribute to the apparent "selectivity" of ketamine's effect. In addition, higher doses than those used in this study, or the assessment of performance during the loading and early distribution phase of treatment with the current doses, might yield detectable effects on other cognitive functions. The apparent specificity of ketamine's effect on declarative memory measures at the doses and conditions used in this experiment suggests the hypothesis that brain networks in medial temporal and/or frontal brain regions involved in declarative memory encoding may be preferentially sensitive to functional disruption via blockade of NMDA receptors. The results are consistent with the role of NMDA receptors in the induction of activity-dependent synaptic plasticity and with previous reports of NMDA antagonist effects on memory function in animals and humans.
The cognitive and behavioral effects of ketamine, and the success of an intravenous infusion technique in producing steady-state plasma ketamine concentrations, support the further use of this model for testing the role of NRH in the regulation of schizophrenia-like symptoms in humans. Deficits in declarative memory function represent a prominent and clinically significant feature of schizophrenia (Green 1996) . Reductions in the volume of medial temporal lobe structures are associated with memory decreases (Nestor et al. 1993 ) but specific changes in neural circuitry remain incompletely understood. The current results support the hypothesis that changes in NMDA glutamate receptor activity in one or more neural circuits relevant to declarative memory may be related to impairments found in schizophrenia, suggesting an important focus for future efforts to pharmacologically remediate memory impairments in this disorder.
